Ischemic heart disease, stroke, and chronic obstructive pulmonary disease (COPD) are three leading causes of death globally (1) . These diseases share common risk factors such as older age and cigarette smoking, yet data suggest that COPD and lower lung function are independent risk factors for cardiovascular disease (CVD), even after adjustment for traditional CVD risk factors (2) (3) (4) .
The mechanisms by which COPD increases CVD risk are not clear, but patients with COPD often display abnormally high concentrations of circulating systemic inflammatory biomarkers such as C-reactive protein, IL-6, and fibrinogen (5)-biomarkers that predict CVD risk in the general population (6, 7) and in COPD (8) . Acute exacerbations of COPD (AECOPD) are often associated with particularly high concentrations of these biomarkers (9) , which can be slow to return to baseline (10) .
In addition, many AECOPD events are triggered by infections (11) , and data have shown that infections (mostly respiratory, but also urinary and gastrointestinal) are associated with an increased risk for subsequent CVD events (12) (13) (14) (15) (16) . The reasons for this are not clear, but hypotheses have focused on infections as inducers of systemic inflammation and procoagulant pathways that subsequently lead to cardiovascular events.
Two previous studies have suggested that AECOPD increases risk for subsequent CVD, but both had significant methodologic limitations including use of administrative data to define COPD, AECOPD, and CVD events (17) or use of nonadjudicated adverse event reporting data (18) . The SUMMIT (Study to Understand Mortality and Morbidity) trial was an international, multicenter trial of patients with COPD and either a history of CVD or heightened risk for CVD. SUMMIT assessed the impact of inhaler treatments on mortality and rigorously adjudicated CVD events, therefore reducing the risk of ascertainment bias and providing more accurate estimates of risk. We hypothesized that time periods after AECOPD would be associated with higher risk for CVD events compared with time periods free of AECOPD.
Some of the results of this study have been previously reported in the form of an abstract (19) .
Methods
A detailed description of our methods is included with the online supplement. In brief, we performed a post hoc cohort analysis using data in SUMMIT, a doubleblind, parallel group, placebo-controlled, randomized trial conducted at 1,368 centers in 43 countries between 2011 and 2015. Details of the study design and main results have been published (20, 21) . Participants (n = 16,485) were randomly assigned to receive either inhaled placebo, fluticasone furoate, vilanterol, or a combination of fluticasone furoate and vilanterol. The study showed no significant differences in risk of death or cardiovascular events between the four arms of the trial.
Participants were current or former smokers with at least a 10-pack-year smoking history, aged 40-80 years with an FEV 1 /FVC ratio not greater than 70%, FEV 1 50-70% of predicted, and a modified Medical Research Council dyspnea scale score equal to or exceeding 2. Participants 40-59 years old were required to have a history of CVD, defined as coronary artery disease, peripheral arterial disease, stroke, myocardial infarction, or diabetes mellitus with target organ disease. Participants 60-80 years old could have either a history of CVD or increased risk for CVD, defined as receiving medication for two or more of the following: hypercholesterolemia, hypertension, diabetes mellitus, or peripheral arterial disease.
Exclusion criteria included respiratory disorders other than COPD, lung reduction surgery, receiving long-term oxygen, chronic oral corticosteroid therapy, severe heart failure (New York Heart Association Class IV or ejection fraction , 30%), life expectancy less than 3 years, and end-stage chronic renal disease.
Participants were seen every 3 months, at which time data relating to AECOPD and CVD were assessed.
Institutional review board approval was obtained at each of the 1,368 participating study centers before study initiation.
Statistical Analysis
We used Cox proportional hazards models with time-dependent "period" covariates, where the hazard for a CVD event was compared between the period before AECOPD ("baseline" in our tables) and after AECOPD (Figure 1 ). AECOPD was defined as an increase in respiratory symptoms requiring treatment with antibiotics, systemic corticosteroids, and/or hospitalization. Our primary outcome was a composite CVD outcome that included cardiovascular death, myocardial infarction, stroke, unstable angina, and transient ischemic attack. A clinical endpoint committee used data from medical records, witness interviews, autopsy reports, and death certificates to adjudicate all CVD events, using standardized guidelines (22, 23) .
We excluded events where AECOPD and CVD were reported on the same day, as we were unable to determine which event happened first. We analyzed the hazard of post-AECOPD CVD events at 1 to 30 days, 31 to 90 days, 91 days to 1 year, and more than 1 year after AECOPD events. Covariates are detailed in our table legends. When participants experienced more than one AECOPD, only the first was used. Data were censored after the first CVD event.
Secondary analyses focused on 1) only hospitalized AECOPDs, 2) only myocardial infarctions, 3) comparison of those with established CVD versus those with only increased CVD risk, 4) restriction to each of the four arms of the trial, and 5) restriction to only those who experienced an AECOPD event during the study.
At a Glance Commentary
Scientific Knowledge on the Subject: 1) Patients with chronic obstructive pulmonary disease (COPD) frequently experience cardiovascular disease (CVD); 2) COPD exacerbations are associated with increased systemic inflammation, which is a risk factor for CVD; and 3) preliminary data suggest that acute exacerbations of COPD are associated with an increased risk of subsequent CVD events, but studies have relied on administrative data or nonadjudicated CVD event data.
What This Study Adds to the
Field: In this cohort of 16,485 patients with COPD and CVD or multiple CVD risk factors, exacerbations were followed by an increased risk of adjudicated CVD events, especially in hospitalized patients with COPD and in the first 30 days after an acute exacerbation of COPD.
Results
Among the 16,485 participants in SUMMIT, 75% were male, 47% were current smokers, mean body mass index was 28 kg/m 2 , and 39% had a history of one or more AECOPD events in the year before enrollment (Table 1) .
Median participant on-treatment follow-up time was 1.5 years with a total of 26,946 patient years of follow-up. During follow-up, 4,704 participants had at least one AECOPD and 688 had at least one adjudicated CVD event. The first CVD event was CV death in 271, myocardial infarction in 173, stroke in 127, unstable angina in 83, and transient ischemic attack in 34. Depending on the particular analysis, between zero and nine participants were excluded because CVD and AECOPD were reported on the same day.
A total of 487 participants experienced a CVD event during the baseline period (487 events in 21,624 patient-years is 2. Compared with pre-AECOPD baseline periods, the hazard of CVD events after AECOPD was increased, particularly in the first 30 days after AECOPD (hazard ratio [HR], 3.8; 95% confidence interval [CI], 2.7-5.5), although it remained increased between 31 and 90 days and between 91 days and 1 year, and was no longer increased beyond 1 year after AECOPD (Table 2 and Figure 2) .
In a further analysis, we restricted the AECOPD events to only hospitalized AECOPD events and considered participants who had a nonhospitalized AECOPD to remain in the baseline period. A total of 605 participants experienced a CVD event during the baseline period (2.4 per 100 patient-years). Between Days 1 and 30 after hospitalized AECOPD, 24 participants experienced a CVD event (26.7 per 100 patient-years); 15 participants had a CVD event between Days 31 and 90 (9.9 per 100 patient-years); 24 participants had a CVD event between Day 91 and 1 year (4.9 per 100 patient-years), and 11 participants had a CVD event after 1 year (3.3 per 100 patient-years). In this case, the post-AECOPD hazard for CVD events was again particularly increased in the first 30 days after hospitalized AECOPD (HR, 9.9; 95% CI, 6.6-14.9), remained increased between 31 and 90 days and between 91 days and 1 year, but was not increased beyond 1 year after hospitalized AECOPD (Table 2 and Figure 2) .
Analyses restricted only to those who experienced an AECOPD event during the study (n = 4,629 with all covariates) showed that the hazard for CVD after AECOPD was again particularly increased in the first 30 days after AECOPD (HR, 6.4; 95% CI, 4.1-10.2). The hazard was attenuated, but still significant, between 31 days and 1 year after AECOPD, and remained slightly elevated more than 1 year after AECOPD (Table 3) .
Analyses restricted to only myocardial infarction events (i.e., excluding other, nonmyocardial infarction CVD events) showed similar results, with a substantially increased risk of myocardial infarction in the first 30 days after AECOPD, a lower but still significant risk between 31 days and 1 year, and no significant increased risk beyond 1 year (see Table E1 in the online supplement).
Analyses stratified by whether participants entered the study with a history of established CVD or CVD risk are shown in Table E2 . The hazard ratio for experiencing a CVD event after AECOPD was again most pronounced in the first 30 days after AECOPD, regardless of whether participants entered the study with established CVD or CVD risk. Among those with established CVD, the younger and older age groups had similar 95% CI bounds for the hazard ratios at each time period after AECOPD, but there were very few CVD events, so these estimates may not be reliable.
Last, we analyzed the hazard for CVD after AECOPD separately in each of the four original trial arms of the parent SUMMIT study. Results were again similar to that observed in our other analyses, with each arm demonstrating hazard ratios that were particularly increased in the first 30 days after AECOPD, remained increased between 31 days and 1 year, and were no longer significant beyond 1 year after AECOPD (Table E3) .
Discussion
This analysis of prospectively collected data from a multicenter, international study of (Table 2) , and 2) restriction to only the last two groups who experienced an AECOPD during the study (Table 3) .
ORIGINAL ARTICLE
patients with moderately severe COPD and rigorously adjudicated CVD events supports the notion that AECOPD increases the risk for subsequent CVD events, especially in the first 30 days after an AECOPD. Moreover, the observed effect size was substantial, with a fourfold increased hazard for CVD events after AECOPD, and a 10-fold increase in those hospitalized with AECOPD. These results suggest that clinicians and patients need to be vigilant for the occurrence of CVD events after AECOPD, especially in those hospitalized with AECOPD. Our findings are notable for remarkable consistency among the primary analysis and multiple secondary analyses regarding the particularly high CVD risk in the first 30 days after AECOPD, whether we analyzed all AECOPD events, hospitalized AECOPD events, myocardial infarctions only, or stratified by age and established CVD versus CVD risk. Our sample consisted of more than 16,000 study participants enrolled from multiples sites and countries, thus increasing generalizability to patients seen in varying clinical settings. Our findings are further strengthened by the blinded adjudication of CVD events. This adjudication provides us with a high degree of confidence regarding the validity of the CVD events.
Our findings validate preliminary observations in the UPLIFT (Understanding Potential Long-term Impacts on Function with Tiotropium) trial, where AECOPD was associated with a higher risk of cardiovascular serious adverse events in both the first 30 days and first 180 days after AECOPD, with higher risk in the first 30 days (18) . CVD event data in UPLIFT consisted of only serious adverse event reporting data without detailed adjudication, and the analysis did not include adjustment for multiple potential confounders. Unlike SUMMIT, UPLIFT did not specifically select for patients with COPD at risk for CVD, but in both UPLIFT and our SUMMIT results, associations between AECOPD and CVD were present whether patients entered the studies with a history of previously diagnosed CVD or not.
Our findings also build on a previous study of AECOPD and CVD relationships, using administrative data in England and Wales. Among those with administrative codes for physician-diagnosed COPD (not necessarily confirmed by spirometry), prescriptions for oral antibiotics and corticosteroids (considered a surrogate marker of AECOPD) were associated with a higher risk for subsequent myocardial infarctions and stroke (17) . These associations were dependent on the outcomes and time period examined. For example, the increased risk for myocardial infarction was only observed for 5 days after a prescription for both antibiotics and steroids-there was no association with antibiotics alone, steroids alone, or beyond 5 days of the combination prescription. However, for stroke, the association was significant up to 49 days after a prescription for a steroid or an antibiotic, but not the combination steroid plus antibiotic. These complex observations may reflect the limitations of administrative data, as compared with our study's strict criteria for spirometry confirmation of COPD, prospective collection of predefined AECOPD and CVD data, and detailed adjudication of CVD events.
AECOPD events are associated with elevated concentrations of circulating proinflammatory biomarkers (24) that can be slow to return to baseline (10) . The high initial concentrations with slow recovery might help explain why we observed the most risk for CVD in the first 30 days after AECOPD, but we continued to observe a statistically significant, albeit much smaller, risk up to 1 year after AECOPD. The prolonged duration of increased CVD risk is consistent with studies that have shown that respiratory events such as pneumonia (13) and other respiratory infections (14) are associated with prolonged CVD risk.
Inflammation might also explain why hospitalized patients with AECOPD had a 30-day CVD risk more than double that seen in those with less severe AECOPD. Hospitalized AECOPD episodes are often associated with higher concentrations of circulating proinflammatory biomarkers compared with AECOPD events treated outside of the hospital (25) . We did not measure biomarkers in this study, so we were unable to determine the contribution of inflammation to post-AECOPD CVD risk. We were also unable to test other potential mechanisms such as AECOPD leading to hypoxemia, increased respiratory muscle work diverting perfusion from the coronary circulation, induction of a prothrombotic state, increases in blood pressure, or worsening adherence to nonrespiratory medications.
From a therapeutic standpoint, our data suggest that the immediate post-AECOPD period is a window of heightened CVD susceptibility, and therefore future studies should test interventions in this period to reduce CVD risk. Possible interventions to test might include established CVD therapies (e.g., antiplatelet agents, statins, and/or b-blockers) and/or experimental CVD interventions (e.g., antiinflammatory drugs).
Our study has several important limitations. SUMMIT participants were selected on the basis of being at high CVD risk, due to either preexisting disease or having multiple risk factors for CVD. Although estimates of CVD prevalence in patients with COPD have ranged from 28% to 70% (3), our findings may not apply to COPD patients without CVD or CVD risk factors. SUMMIT participation was also restricted to those with FEV 1 between 50% and 70% of predicted, so we cannot generalize our findings to those with milder or more severe airflow limitation. Our follow-up time was also relatively short, at a median of 1.5 years. Although data from our study and other studies suggest that most of the excess CVD risk occurs within the first year after AECOPD, we had limited power to study long-term event risk beyond 1 year. Last, although CVD events were adjudicated, AECOPD events were selfreported and not adjudicated. Therefore, we cannot exclude the possibility that some Definition of abbreviations: AECOPD = acute exacerbation of chronic obstructive pulmonary disease; CI = confidence interval; CVD = cardiovascular disease.
Analysis is shown for all exacerbations (top) and for exacerbations requiring hospitalization (bottom). Covariates included AECOPD period (baseline free of AECOPD or other post-AECOPD periods as in Figure 1 ), treatment assignment arm, age, sex, body mass index, region, race, ethnicity, ischemic and vascular indicators (e.g., previous treatment of coronary or vascular disease), cardiovascular disease/risk indicators (with CVD; with CVD risk), smoking status, previous exacerbation history, and percent predicted post-bronchodilator FEV 1 . *Eight participants were excluded from the All Exacerbations analysis because they experienced an AECOPD and CVD event on the same day; nine were excluded from the Exacerbations Requiring Hospitalization analysis because they experienced an AECOPD and CVD event on the same day. One hundred eighty-three participants were excluded from the calculation of hazard ratios in both analyses because they did not have all model covariates. For definition of abbreviations, see Table 2 .
All Exacerbations
Hazard ratios for CVD events after an AECOPD are shown. Because of small numbers in this restricted analysis, the post-AECOPD periods of 31 to 90 days and 90 days to 1 year were combined. Covariates included AECOPD period (baseline free of AECOPD or other post-AECOPD periods as in Figure 1 ), treatment assignment arm, age, sex, body mass index, region, race, ethnicity, ischemic and vascular indicators (e.g., previous treatment of coronary or vascular disease), cardiovascular disease/risk indicators (with CVD; with CVD risk), smoking status, previous exacerbation history, and percent predicted post-bronchodilator FEV 1 . Eight participants were excluded because they experienced an AECOPD and CVD event on the same day. Sixty-seven participants were excluded from the calculation of hazard ratios because they did not have all model covariates.
